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Clinical PerspectiveWhat is New?In patients with vascular disease or vascular risk factors, a higher level of physical activity is associated with less vascular aging, and this association is independent of vascular risk factors.Increased physical activity is associated with smaller carotid diastolic diameter; this association has not been previously described.In patients with vascular disease, physical activity was inversely associated with carotid intima‐media thickness, but not in patients with vascular risk factors.Our results suggest that there is a sex difference, as physical activity had no benefits on carotid stiffness and carotid intima‐media thickness in women, whereas these associations were significant in men.What are the Implications?Our results suggest that increased physical activity is important for vascular health, not only associated with vascular risk factors, but also directly, even in patients with vascular disease.Studies investigating the effects of physical activity on vascular disease risk should also consider including a measurement of vascular aging, as vascular risk factors do not fully capture the benefits of physical activity.Vascular aging can be assessed with several markers; more studies are needed to provide evidence for which marker can best be selected for a particular study population.Sex differences should be examined in future studies.

Introduction {#jah32289-sec-0008}
============

Regular physical activity is associated with a lower risk of vascular disease and mortality in healthy men and women,[1](#jah32289-bib-0001){ref-type="ref"}, [2](#jah32289-bib-0002){ref-type="ref"}, [3](#jah32289-bib-0003){ref-type="ref"} as well as in patients with vascular disease.[4](#jah32289-bib-0004){ref-type="ref"} However, the mechanisms by which physical activity influences this risk have not been completely elucidated. It has been attributed to beneficial effects on the traditional risk factors for vascular disease, such as blood pressure,[5](#jah32289-bib-0005){ref-type="ref"} body mass index (BMI), and lipid profile,[6](#jah32289-bib-0006){ref-type="ref"} and its effects on systemic inflammation[7](#jah32289-bib-0007){ref-type="ref"} and platelet aggregation.[8](#jah32289-bib-0008){ref-type="ref"} Physical activity may also have direct positive effects on the vasculature structure and function through an improvement in endothelial function.[8](#jah32289-bib-0008){ref-type="ref"}, [9](#jah32289-bib-0009){ref-type="ref"} In a recent study in patients with vascular disease or vascular risk factors, associations between physical activity and the risk of future vascular events did not change after additional adjustment for traditional risk factors.[4](#jah32289-bib-0004){ref-type="ref"} This finding suggests that other mediators than traditional risk factors such as the direct effects on the vasculature function and structure may be more important in these patients.

Characteristics of the carotid artery wall such as carotid intima‐media thickness (CIMT), carotid artery stenosis (CAS), end‐diastolic lumen diameter, and stiffness are measures of vasculature function and structure.[10](#jah32289-bib-0010){ref-type="ref"} Increased levels of these characteristics are known to increase the risk for stroke, other cardiovascular events, and mortality.[11](#jah32289-bib-0011){ref-type="ref"}, [12](#jah32289-bib-0012){ref-type="ref"}, [13](#jah32289-bib-0013){ref-type="ref"}, [14](#jah32289-bib-0014){ref-type="ref"} Several studies conducted in the general population investigated the association of physical activity with CIMT[15](#jah32289-bib-0015){ref-type="ref"}, [16](#jah32289-bib-0016){ref-type="ref"}, [17](#jah32289-bib-0017){ref-type="ref"}, [18](#jah32289-bib-0018){ref-type="ref"} and markers of stiffness.[19](#jah32289-bib-0019){ref-type="ref"}, [20](#jah32289-bib-0020){ref-type="ref"}, [21](#jah32289-bib-0021){ref-type="ref"}, [22](#jah32289-bib-0022){ref-type="ref"}, [23](#jah32289-bib-0023){ref-type="ref"} Most studies found an association between a higher level of physical activity and less carotid or aortic stiffness,[20](#jah32289-bib-0020){ref-type="ref"}, [21](#jah32289-bib-0021){ref-type="ref"}, [22](#jah32289-bib-0022){ref-type="ref"} lower CIMT,[15](#jah32289-bib-0015){ref-type="ref"}, [16](#jah32289-bib-0016){ref-type="ref"}, [18](#jah32289-bib-0018){ref-type="ref"} and less progression of CIMT,[18](#jah32289-bib-0018){ref-type="ref"} although some studies did not show these associations.[17](#jah32289-bib-0017){ref-type="ref"}, [19](#jah32289-bib-0019){ref-type="ref"}, [23](#jah32289-bib-0023){ref-type="ref"} Studies in patients with vascular disease are not available; however, there is circumstantial evidence that the benefits of physical activity on CIMT in patients with vascular risk factors[24](#jah32289-bib-0024){ref-type="ref"} and on endothelial function are more pronounced in patients with vascular disease.[9](#jah32289-bib-0009){ref-type="ref"} The aim of the current study was to investigate the associations between physical activity and characteristics of the carotid wall in patients with vascular disease or vascular risk factors, a population at high risk for (recurrent) vascular events and mortality.

Methods {#jah32289-sec-0009}
=======

Participants {#jah32289-sec-0010}
------------

Data were used from patients enrolled in the SMART (Second Manifestations of Arterial Disease) study, an ongoing single‐center prospective cohort trial in patients with vascular disease or risk factors for vascular disease. From 1996 onwards, patients were invited to participate if they were newly referred to the University Medical Center Utrecht in The Netherlands for treatment of vascular disease or vascular risk factors.[25](#jah32289-bib-0025){ref-type="ref"} During a 1‐day visit to our medical center, an extensive vascular screening was performed, including a physical examination, ultrasonography of the carotid arteries, overnight fasting venous blood and urine sampling, assessment of risk factors, medical history, functioning, physical activity, and medication use. Written informed consent was obtained from all participants. The study was approved by the medical ethics committee of the University Medical Center Utrecht.

For the current study, 10 128 consecutive patients included between September 1996 and February 2013 were studied; 550 patients (5%) had to be excluded because of missing data for physical activity, CIMT, or CAS, leaving 9578 patients for the present analysis.

Measurements of carotid diastolic diameter and distension were performed until 2003, when 3300 patients were included, of whom 135 patients (4%) had to be excluded because of missing data for physical activity. Therefore, 3165 patients were included in the analyses of the associations between physical activity and diastolic diameter and stiffness.[26](#jah32289-bib-0026){ref-type="ref"}

Physical Activity {#jah32289-sec-0011}
-----------------

At baseline, patients completed a questionnaire on their usual pattern of leisure‐time physical activity during a regular week in the past year. A previously validated questionnaire[27](#jah32289-bib-0027){ref-type="ref"} was used and one question regarding the amount and intensity of activity in sport was added. Patients were asked how many hours per week they spent on leisure‐time physical activities, with focus on sport (eg, swimming and running) or other physical activities (eg, walking, cycling, gardening, and leisure‐time physical activity). Housekeeping and work‐related physical activity were not included.

Each activity was assigned a specific metabolic equivalent (MET) intensity derived from the Compendium of Physical Activity.[28](#jah32289-bib-0028){ref-type="ref"} The MET intensity is based on the rate of energy expenditure. One MET represents the energy expenditure for an individual at rest, whereas a 10 MET activity requires 10 times the resting energy expenditure (brisk walking is estimated to be about 3.5--4.0 METs).[28](#jah32289-bib-0028){ref-type="ref"} For each type of leisure‐time physical activity, the amount per week was calculated by multiplying the time spent on this activity in hours per week by the derived MET intensity of the activity, expressed in MET hours per week. The total amount of physical activity per week was the sum of these values.

Characteristics of the Carotid Wall {#jah32289-sec-0012}
-----------------------------------

### Structure of the carotid wall {#jah32289-sec-0013}

Presence of atherosclerosis in the carotid arteries was assessed at baseline by measuring common CIMT and CAS. Ultrasonography was performed with a 10‐MHz linear array transducer (ATL Ultramark 9) by well‐trained and certified ultrasound technicians at the Department of Radiology, University Medical Center Utrecht. Mean common CIMT (referred to as CIMT throughout the text) was calculated for each patient based on 6 far wall measurements of the left and right common carotid arteries as previously described.[29](#jah32289-bib-0029){ref-type="ref"} The reference point for measurement of the CIMT was the beginning of the dilatation of the carotid bulb. The end‐diastolic lumen diameter of the carotid artery (referred to as diastolic diameter throughout the text) was also used as a marker of the structure of the carotid wall.

The degree of the CAS was assessed on both sides with color Doppler--assisted duplex scanning. The severity of CAS was evaluated on the basis of blood flow velocity patterns.[30](#jah32289-bib-0030){ref-type="ref"} The greatest stenosis observed on the right or the left side of the common or internal carotid artery was taken to determine the severity of carotid artery disease. CAS ≥50% was defined as peak systolic velocity \>150 cm/s.

### Function of the carotid artery wall {#jah32289-sec-0014}

Stiffness was measured by distension of both common carotid arteries. The distension of an artery is the change in systolic diameter relative to the diastolic diameter during the cardiac cycle. The displacement of the walls of the left and right common carotid artery was measured with a wall track system (Scanner 200, Pie Medical Imaging) equipped with a 7.5‐MHz linear array transducer and vessel wall moving detector system. After the patients rested for at least 5 minutes in the supine position, the left and right carotid arteries were examined separately. Measurements were performed in the distal common carotid artery 2 cm proximal to the origin of the carotid bulb, as described elsewhere.[29](#jah32289-bib-0029){ref-type="ref"} Coefficients of variation for intraobserver and interobserver variability of distension and end‐diastolic lumen diameter measurements were all \<10%.[29](#jah32289-bib-0029){ref-type="ref"} Distensibility coefficient (DC) and Young\'s elastic modulus (YEM) were used as the primary stiffness measures and were calculated as previously described.[26](#jah32289-bib-0026){ref-type="ref"} DC is the relative change in diameter with pressure, and increasing DC indicates decreasing stiffness. YEM is the pressure per square millimeter required for (theoretical) 100% extension.[31](#jah32289-bib-0031){ref-type="ref"}

Covariables and Definitions {#jah32289-sec-0015}
---------------------------

Covariables included demographic characteristics (age and sex), medical history, and risk factors for vascular disease (current smoking, current alcohol use, hypertension, diabetes mellitus, hyperlipidemia, and BMI). Hypertension was defined as the use of blood pressure--lowering drugs or blood pressure \>140/90 mm Hg. Diabetes mellitus was defined as a referral diagnosis of diabetes mellitus, self‐reported diabetes mellitus, use of glucose‐lowering agents, or glucose ≥7.0 mmol/L and glucose‐lowering therapy within 1 year after inclusion. Hyperlipidemia was defined as fasting total cholesterol \>5.0 mmol/L, fasting low‐density lipoprotein cholesterol \>3.2 mmol/L, or lipid‐lowering drug use. Height and weight were measured and BMI was calculated (kg/m^2^).

Data Analysis {#jah32289-sec-0016}
-------------

Data were analyzed with SPSS version 22.0 (IBM Corp). CIMT and YEM were skewed on the original scale and were normalized by log‐transformation. We first calculated baseline characteristics for the total population (n=9578) and for the population with carotid stiffness markers (n=3165). Next, linear regression was used to investigate the associations between physical activity and characteristics of the carotid artery wall. In model 1, we estimated this association adjusted for age and sex. In model 2, we additionally adjusted for smoking and current alcohol consumption. In model 3, we additionally adjusted for BMI, presence of diabetes mellitus, presence of hypertension, and presence of hyperlipidemia, as they could confound the relationship but could also be intermediates. For the association between physical activity at baseline and presence of CAS, we used Poisson regression models with log‐link function and robust standard errors to estimate relative risks and accompanying CIs rather than odds ratios, which overestimate the relative risk, particularly for outcomes that are common.[32](#jah32289-bib-0032){ref-type="ref"}

First, we investigated the associations between physical activity and characteristics of the carotid artery wall using quintiles of physical activity in the total population and in the population with carotid stiffness markers (n=3165). To investigate whether there were linear trends, we also considered these quintiles as ordinal variables in the analysis (*P* trend). Second, we performed stratified analyses to evaluate whether the relationship between physical activity and characteristics of the carotid artery wall differed by: (1) the presence of vascular risk factors or vascular disease, (2) age, (3) sex,[16](#jah32289-bib-0016){ref-type="ref"} (4) smoking status, and (5) BMI.[24](#jah32289-bib-0024){ref-type="ref"} We also calculated interaction terms and considered interaction present if *P*\<0.10. To investigate whether the observed associations between physical activity and the characteristics of the carotid artery wall were explained by previous carotid interventions, we performed an additional analysis excluding patients with a history of a carotid intervention (n=124; 1.3% of the total population). We used ANCOVA to calculate adjusted means of the characteristics of the carotid artery wall across the different quintiles of physical activity.

Results {#jah32289-sec-0017}
=======

At baseline, the mean age of the total population (n=9578) was 56.6 (SD, 12.4) years, and 67% of patients were men (Table [1](#jah32289-tbl-0001){ref-type="table-wrap"}). The median level of physical activity in the total population was 17.4 MET hours per week (10th--90th percentile, 0.0--55.5). In the population with carotid stiffness markers (n=3165), fewer patients had coronary artery disease and more patients had peripheral artery disease and the amount of physical activity was lower compared with the total group (Table [2](#jah32289-tbl-0002){ref-type="table-wrap"}). In the lowest quintile of physical activity, more patients had peripheral artery disease or diabetes mellitus and more patients were current smokers as compared with those in the highest quintile (Tables [1](#jah32289-tbl-0001){ref-type="table-wrap"} and [2](#jah32289-tbl-0002){ref-type="table-wrap"}). Patients in the highest quintile of physical activity more often had coronary artery disease than patients in the lowest quintile (Tables [1](#jah32289-tbl-0001){ref-type="table-wrap"} and [2](#jah32289-tbl-0002){ref-type="table-wrap"}).

###### 

Baseline Characteristics of Total Study Population

                                                                     Total               Quintiles of Physical Activity, METh/w                                                               
  ------------------------------------------------------------------ ------------------- ---------------------------------------- ------------------- ------------------- ------------------- -------------------
  No.                                                                9578                1911                                     1926                1908                1917                1916
  Age, y                                                             56.6 (12.4)         56.9 (12.7)                              55.6 (12.3)         55.0 (12.6)         56.5 (12.5)         59.1 (11.4)
  Male sex, %                                                        67                  63                                       65                  67                  68                  72
  Physical activity, METh/w[a](#jah32289-note-0004){ref-type="fn"}   17.4 (0.0--55.5)    0.0 (0.0--3.4)                           8.0 (4.0--11.7)     17.4 (13.6--21.8)   29.6 (24.1--37.0)   55.5 (41.6--95.8)
  Manifestation at baseline, %                                                                                                                                                                
  Vascular risk factors                                              32                  32                                       36                  35                  31                  27
  Cerebrovascular disease                                            14                  14                                       15                  14                  15                  14
  Coronary artery disease                                            33                  24                                       29                  33                  36                  42
  Abdominal aortic aneurysm                                          3                   3                                        2                   2                   2                   2
  Peripheral arterial disease                                        8                   12                                       8                   8                   7                   6
  Multiple manifestations of vascular disease                        10                  15                                       10                  9                   9                   9
  Other variables, %                                                                                                                                                                          
  Hypertension[b](#jah32289-note-0005){ref-type="fn"}                66                  69                                       65                  65                  64                  68
  Diabetes mellitus[c](#jah32289-note-0006){ref-type="fn"}           19                  27                                       20                  18                  17                  15
  Hyperlipidemia[d](#jah32289-note-0007){ref-type="fn"}              77                  82                                       79                  78                  75                  74
  Current smoking                                                    30                  44                                       32                  28                  24                  22
  Current alcohol consumption                                        71                  57                                       69                  75                  76                  76
  BMI, kg/m^2^                                                       26.9 (4.3)          27.5 (5.1)                               27.2 (4.4)          26.6 (4.1)          26.5 (4.1)          26.6 (3.8)
  Carotid markers                                                                                                                                                                             
  CIMT, mm[a](#jah32289-note-0004){ref-type="fn"}                    0.83 (0.60--1.18)   0.85 (0.62--1.22)                        0.82 (0.60--1.15)   0.82 (0.60--1.17)   0.83 (0.60--1.15)   0.86 (0.62--1.18)
  CAS \>50%, %                                                       10                  15                                       10                  8                   9                   8

Characteristics are presented as mean±SD, unless otherwise specified. BMI indicates body mass index; CAS, carotid artery stenosis; CIMT, carotid intima‐media thickness; METh/w, metabolic equivalent hours per week.

Median (10th--90th percentile).

Hypertension was defined as blood pressure--lowering drug use or blood pressure \>140/90 mm Hg.

Diabetes mellitus was defined as a referral diagnosis of diabetes mellitus, self‐reported diabetes mellitus, use of glucose‐lowering agents, or glucose ≥7.0 mmol/L and glucose‐lowering therapy within 1 year after inclusion.

Hyperlipidemia was defined as fasting total cholesterol \>5.0 mmol/L, fasting low‐density lipoprotein cholesterol \>3.2 mmol/L, or lipid‐lowering drug use.

###### 

Baseline Characteristics of the Population With Carotid Stiffness Markers

                                                                                Total               Quintiles of Physical Activity, METh/w                                                               
  ----------------------------------------------------------------------------- ------------------- ---------------------------------------- ------------------- ------------------- ------------------- -------------------
  No.                                                                           3165                713                                      553                 631                 634                 634
  Age, y                                                                        55.7 (12.8)         56.8 (12.8)                              54.8 (12.3)         54.3 (12.6)         54.6 (13.2)         57.7 (12.6)
  Male sex, %                                                                   69                  65                                       68                  69                  68                  75
  Physical activity, METh/w[a](#jah32289-note-0009){ref-type="fn"}              13.4 (0.0--48.1)    0.0                                      5.5 (1.9--8.0)      13.4 (10.0--17.3)   24.0 (18.5--29.6)   48.1 (34.6--88.8)
  Manifestation at baseline, %                                                                                                                                                                           
  Vascular risk factors                                                         33                  29                                       38                  35                  37                  26
  Cerebrovascular disease                                                       14                  15                                       14                  12                  12                  14
  Coronary artery disease                                                       26                  19                                       24                  30                  28                  33
  Abdominal aortic aneurysm                                                     3                   4                                        3                   2                   4                   4
  Peripheral arterial disease                                                   11                  16                                       11                  10                  9                   10
  Multiple manifestations of vascular disease                                   13                  18                                       11                  11                  10                  13
  Other variables, %                                                                                                                                                                                     
  Hypertension[b](#jah32289-note-0010){ref-type="fn"}                           61                  64                                       58                  59                  60                  63
  Diabetes mellitus[c](#jah32289-note-0011){ref-type="fn"}                      22                  27                                       24                  19                  20                  19
  Hyperlipidemia[d](#jah32289-note-0012){ref-type="fn"}                         83                  85                                       82                  84                  82                  83
  Current smoking                                                               35                  47                                       35                  32                  29                  28
  Current alcohol consumption                                                   69                  59                                       66                  76                  75                  72
  BMI, kg/m^2^                                                                  26.5 (4.1)          26.9 (4.7)                               26.6 (4.0)          26.5 (4.2)          26.1 (3.7)          26.4 (3.8)
  Carotid markers                                                                                                                                                                                        
  CIMT, mm[a](#jah32289-note-0009){ref-type="fn"}                               0.83 (0.60--1.23)   0.85 (0.62--1.25)                        0.83 (0.60--1.23)   0.80 (0.60--1.22)   0.80 (0.58--1.18)   0.87 (0.60--1.27)
  Diastolic diameter, mm                                                        7.78 (1.10)         7.91 (1.15)                              7.74 (1.13)         7.69 (1.04)         7.70 (1.11)         7.86 (1.07)
  Distension, mm                                                                0.44 (0.15)         0.43 (0.15)                              0.44 (0.15)         0.44 (0.15)         0.44 (0.16)         0.43 (0.15)
  Distensibility coefficient, kPa^−1^×10^−3^                                    15.3 (7.1)          14.3 (7.2)                               16.0 (7.3)          16.0 (7.2)          15.7 (7.2)          14.6 (6.7)
  Young\'s elastic modulus, kPa×10^3^ [a](#jah32289-note-0009){ref-type="fn"}   0.66 (0.37--1.22)   0.70 (0.38--1.41)                        0.63 (0.35--1.13)   0.64 (0.37--1.13)   0.65 (0.36--1.19)   0.67 (0.38--1.19)

Characteristics presented as mean±SD, unless otherwise specified. BMI indicates body mass index; CIMT, carotid intima‐media thickness; METh/w, metabolic equivalent hours per week.

Median (10th--90th percentile).

Hypertension was defined as blood pressure--lowering drug use or blood pressure \>140/90 mm Hg.

Diabetes mellitus was defined as a referral diagnosis of diabetes mellitus, self‐reported diabetes mellitus, use of glucose‐lowering agents, or glucose ≥7.0 mmol/L and glucose‐lowering therapy within 1 year after inclusion.

Hyperlipidemia was defined as fasting total cholesterol \>5.0 mmol/L, fasting low‐density lipoprotein cholesterol \>3.2 mmol/L, or lipid‐lowering drug use.

CIMT and CAS (n=9578) {#jah32289-sec-0018}
---------------------

Linear regression analysis adjusted for age, sex, smoking, and alcohol consumption showed that a higher level of physical activity was associated with a lower ln CIMT (fifth versus first quintile B=−0.018 mm; 95% CI −0.033 to −0.003) and a lower risk of CAS \>50% (relative risk, 0.58; 95% CI, 0.48--0.69) (Table [3](#jah32289-tbl-0003){ref-type="table-wrap"}). The relationship between physical activity and CIMT was no longer significant in model 3.

###### 

Associations of Physical Activity With CIMT and CAS (n=9578)

  ----------------------------------------------------------------------------------------------------------------------------------------------
  Quintiles of Physical Activity, METh/w   No.    Model 1                     Model 2                     Model 3                    *P* Trend
  ---------------------------------------- ------ --------------------------- --------------------------- -------------------------- -----------
  Ln CIMT, mm\                                                                                                                       
  B (95% CI)                                                                                                                         

  1 (\<3.8)                                1911   Reference                   Reference                   Reference                  

  2 (3.8--12.3)                            1926   −0.016 (−0.031 to −0.002)   −0.009 (−0.023 to 0.006)    −0.004 (−0.018 to 0.011)   

  3 (12.3--23.0)                           1908   −0.019 (−0.033 to −0.004)   −0.008 (−0.023 to 0.007)    −0.002 (−0.016 to 0.013)   

  4 (23.0--39.3)                           1917   −0.026 (−0.040 to −0.011)   −0.013 (−0.028 to 0.001)    −0.003 (−0.018 to 0.011)   

  5 (\>39.3)                               1916   −0.030 (−0.045 to −0.016)   −0.018 (−0.033 to −0.003)   −0.008 (−0.023 to 0.006)   0.32

  CAS \>50% (n=936)\                                                                                                                 
  Relative risk (95% CI)                                                                                                             

  1 (\<3.8)                                1911   Reference                   Reference                   Reference                  

  2 (3.8--12.3)                            1926   0.70 (0.59--0.84)           0.79 (0.67--0.94)           0.81 (0.69--0.96)          

  3 (12.3--23.0)                           1908   0.58 (0.49--0.70)           0.67 (0.56--0.81)           0.67 (0.56--0.81)          

  4 (23.0--39.3)                           1917   0.60 (0.50--0.72)           0.71 (0.60--0.85)           0.74 (0.62--0.88)          

  5 (\>39.3)                               1916   0.48 (0.40--0.58)           0.58 (0.48--0.69)           0.59 (0.49--0.71)          \<0.001
  ----------------------------------------------------------------------------------------------------------------------------------------------

Linear (B \[95% CI\]) or Poisson (relative risk \[95% CI\]) regression model. Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, smoking status, and current alcohol consumption. Model 3: adjusted for age, sex, smoking status, current alcohol consumption, body mass index, presence of diabetes mellitus, presence of hypertension, and presence of hyperlipidemia. *P* trend reflects the linear trend using quintiles in model 3. CAS indicates carotid artery stenosis; CIMT, carotid intima‐media thickness; METh/w, metabolic equivalent hours per week.

Diastolic Diameter and Stiffness Markers (n=3165) {#jah32289-sec-0019}
-------------------------------------------------

Linear regression analysis adjusted for age, sex, smoking, and alcohol consumption showed that a higher level of physical activity was associated with a lower diastolic diameter (fifth versus first quintile B=−0.13 mm; 95% CI, −0.23 to −0.03) (Table [4](#jah32289-tbl-0004){ref-type="table-wrap"}). A light level of physical activity was associated with a lower YEM (second versus first quintile B=−0.11 kPa^−1^×10^−3^; 95% CI, −0.16 to −0.06) and higher DC (B=0.93 kPa×10^3^; 95% CI, 0.34--1.51), but there was no additional benefit with a higher level of physical activity (Table [4](#jah32289-tbl-0004){ref-type="table-wrap"}). In model 3, the associations between physical activity and diastolic diameter, ln YEM, and DC were attenuated but remained statistically significant (Table [4](#jah32289-tbl-0004){ref-type="table-wrap"}).

###### 

Associations of Physical Activity With Other Characteristics of the Carotid Wall (n=3165)

  Quintiles of Physical Activity, METh/w       No.   Model 1                  Model 2                  Model 3                  *P* Trend
  -------------------------------------------- ----- ------------------------ ------------------------ ------------------------ -----------
  Diastolic diameter, mm                                                                                                        
  1 (0.0)                                      713   Reference                Reference                Reference                
  2 (0.1--9.1)                                 553   −0.11 (−0.21 to −0.01)   −0.09 (−0.19 to 0.01)    −0.06 (−0.16 to 0.04)    
  3 (9.2--18.4)                                631   −0.15 (−0.25 to −0.05)   −0.12 (−0.21 to −0.02)   −0.09 (−0.19 to 0.00)    
  4 (18.5--32.0)                               634   −0.14 (−0.24 to −0.04)   −0.10 (−0.20 to −0.01)   −0.07 (−0.16 to 0.03)    
  5 (\>32.0)                                   634   −0.16 (−0.26 to −0.07)   −0.13 (−0.23 to −0.03)   −0.10 (−0.20 to −0.01)   0.04
  Ln Young\'s elastic modulus, kPa×10^3^                                                                                        
  1 (0.0)                                      713   Reference                Reference                Reference                
  2 (0.1--9.1)                                 553   −0.10 (−0.15 to −0.06)   −0.11 (−0.16 to −0.06)   −0.09 (−0.14 to −0.05)   
  3 (9.2--18.4)                                631   −0.08 (−0.12 to −0.03)   −0.08 (−0.12 to −0.03)   −0.07 (−0.11 to −0.02)   
  4 (18.5--32.0)                               634   −0.06 (−0.10 to −0.01)   −0.06 (−0.10 to −0.01)   −0.04 (−0.09 to 0.00)    
  5 (\>32.0)                                   634   −0.09 (−0.13 to −0.04)   −0.09 (−0.14 to −0.04)   −0.08 (−0.12 to −0.03)   0.02
  Distensibility coefficient, kPa^−1^×10^−3^                                                                                    
  1 (0.0)                                      713   Reference                Reference                Reference                
  2 (0.1--9.1)                                 553   0.94 (0.36--1.52)        0.93 (0.34--1.51)        0.66 (0.13--1.19)        
  3 (9.2--18.4)                                631   0.71 (0.15--1.27)        0.62 (0.05--1.19)        0.42 (−0.09 to 0.94)     
  4 (18.5--32.0)                               634   0.53 (−0.04 to 1.08)     0.45 (−0.11 to 1.02)     0.18 (−0.34 to 0.69)     
  5 (\>32.0)                                   634   0.64 (0.08--1.20)        0.60 (0.04--1.17)        0.59 (−0.14 to 0.90)     0.54

Linear (B \[95% CI\]) or Poisson (relative risk \[95% CI\]) regression model. Model 1: adjusted for age and sex. Model 2: adjusted for age, sex, smoking status, and current alcohol consumption. Model 3: adjusted for age, sex, smoking status, current alcohol consumption, body mass index, presence of diabetes mellitus, presence of hypertension, and presence of hyperlipidemia. *P* trend reflects the linear trend using quintiles in model 3. METh/w indicates metabolic equivalent hours per week.

Stratified Analysis {#jah32289-sec-0020}
-------------------

The relationship between physical activity and CIMT, CAS, and diastolic diameter were stronger in patients with vascular disease than in patients with vascular risk factors (Figure [1](#jah32289-fig-0001){ref-type="fig"} and Table [S1](#jah32289-sup-0001){ref-type="supplementary-material"}), although the *P* value for interaction was significant for CIMT only (*P*=0.0003).

![Adjusted means (SEM) of carotid intima‐media thickness (CIMT), diastolic diameter, and Young\'s elastic modulus (YEM) and relative risk (RR \[95% CI\]) of carotid stenosis per quintile of physical activity in patients with (A) vascular risk factors or (B) vascular disease (see Table [S1](#jah32289-sup-0001){ref-type="supplementary-material"}). Analyses are adjusted for age and sex, smoking, and alcohol consumption. *P* trend reflects the linear trend using quintiles. CAS indicates carotid artery stenosis; METh/w, metabolic equivalent hours per week; NS, not significant.](JAH3-6-e005143-g001){#jah32289-fig-0001}

Figure [2](#jah32289-fig-0002){ref-type="fig"} shows the associations between physical activity and CIMT in men and women among different age categories. When we stratified for sex, there were no associations between physical activity and CIMT, YEM, and DC in women, whereas in men these associations were significant (Table [S2](#jah32289-sup-0001){ref-type="supplementary-material"}). The *P* value for interaction was significant for CIMT (*P*=0.02). In older patients (\>60 years), the relationship between physical activity and CIMT, diastolic diameter, and stiffness markers (Table [S3](#jah32289-sup-0001){ref-type="supplementary-material"}) appeared to be stronger than in younger patients. The *P* values for interaction were significant for the stiffness markers (YEM *P*=0.08; DC *P*=0.01). Associations of physical activity with DC were stronger in nonsmokers and in patients with a normal BMI compared with current smokers and patients with a high BMI, while the associations with other characteristics were not different (Tables [S4 and S5](#jah32289-sup-0001){ref-type="supplementary-material"}).

![Adjusted means (SEM) of carotid intima‐media thickness (CIMT) per quintile of physical activity in (A) men and (B) women across age categories (see Tables [S2 and S3](#jah32289-sup-0001){ref-type="supplementary-material"}). Analyses are adjusted for age, smoking, and alcohol consumption. *P* trend reflects the linear trend using quintiles. METh/w indicates metabolic equivalent hours per week; NS, not significant.](JAH3-6-e005143-g002){#jah32289-fig-0002}

To explore potential cohort or period effects---because of the long inclusion period---we performed stratified analyses based on inclusion period. The total cohort was divided into 3 equal inclusion periods, each about 5.5 years, and the cohort with diastolic diameter and stiffness measurements was split into 2 periods of about 3.4 years. The associations with physical activity for the different measures in these periods were similar and the *P* values for interaction were not significant (data not shown), suggesting that the long inclusion period did not influence the observed associations. Exclusion of patients with a history of carotid interventions resulted in minor differences in the associations with physical activity (data not shown).

Discussion {#jah32289-sec-0021}
==========

In this large cohort of patients with vascular disease or vascular risk factors, we observed that a higher level of leisure‐time physical activity was associated with a lower risk of CAS and smaller end‐diastolic lumen diameter of the carotid artery. In addition, we found that patients with a light level of physical activity already had less carotid stiffness, whereas there was no additional benefit in patients with a higher level of physical activity. In patients with vascular disease, physical activity was inversely associated with common CIMT, but not in patients with vascular risk factors.

This study is among the first to examine the benefits of physical activity on characteristics of the carotid artery wall in patients with vascular disease or vascular risk factors, a patient population at high risk for (recurrent) vascular events and mortality. Our results suggest that there is a direct relationship between physical activity and the carotid artery wall and that increased physical activity is important in the prevention of vascular aging, even in patients with vascular risk factors or vascular disease. Therefore, patients with vascular disease and risk factors should be encouraged to perform physical activity. Moreover, in our study, even small amounts of physical activity had benefits on carotid artery stiffness. Our results expand the findings of previous studies in the general population, which have described that physical activity is associated with a lower risk of CAS[33](#jah32289-bib-0033){ref-type="ref"} and lower arterial stiffness.[20](#jah32289-bib-0020){ref-type="ref"}, [21](#jah32289-bib-0021){ref-type="ref"}, [22](#jah32289-bib-0022){ref-type="ref"}

The benefits of physical activity on diastolic diameter of the carotid artery have not been previously described. Diastolic diameter is generally regarded as a measure of carotid artery structure, but vessel elasticity is the chief determinant of resting vessel size. Diastolic diameter can therefore also be viewed as a measure of arterial stiffness. Vascular risk factors such as blood pressure and smoking have been associated with a diastolic diameter enlargement.[34](#jah32289-bib-0034){ref-type="ref"} In a prospective study in young adults with metabolic syndrome, diameter enlargement and stiffening of the carotid artery preceded an increase in CIMT.[35](#jah32289-bib-0035){ref-type="ref"} This finding suggests that diastolic diameter enlargement and CIMT reflect different phases of carotid artery remodeling. This may also explain the difference in benefits on diastolic diameter versus CIMT in our study; the benefits on diastolic diameter were similar in patients with vascular disease and vascular risk factors, whereas the benefits on CIMT were present only in patients with vascular disease.

In our study, associations with the characteristics of the carotid artery wall were stronger in patients with vascular disease than in patients with vascular risk factors, especially for CIMT. These results suggest that the effects of physical activity on the carotid artery wall are stronger in patients with vascular disease than in patients with vascular risk factors. A similar result has been reported on the association of cardiorespiratory fitness, which is largely dependent on physical activity, with CIMT.[24](#jah32289-bib-0024){ref-type="ref"} In patients with vascular risk factors, the magnitude of the association was higher than in patients without vascular risk factors. In addition, there is evidence that patients with vascular disease may be more amenable to improvement in endothelial function as a result of physical exercise than healthy persons.[9](#jah32289-bib-0009){ref-type="ref"}

Associations with CIMT were also stronger in men than in women and in patients with a higher age. BMI and smoking status did not influence this relationship. A sex difference has been previously reported for CIMT.[16](#jah32289-bib-0016){ref-type="ref"} The difference in relationship with higher age and male sex could be explained by the findings in an earlier study that suggested stronger associations in patients with vascular risk factors, as both age and male sex are important risk factors for vascular disease.[24](#jah32289-bib-0024){ref-type="ref"} However, contrary to this study, the associations in our study were not stronger for smoking and high BMI. The high prevalence of these risk factors in our study population could explain these results. Another explanation might be that these risk factors become less important in the presence of vascular disease.

Study Limitations {#jah32289-sec-0022}
-----------------

Limitations of the study are first the cross‐sectional design, which did not allow us to discern causality from consequence. We cannot determine which comes first. It is also possible that the observed associations are a consequence of the severity of vascular disease and vascular aging leading to decreased physical activity, and not a consequence of physical activity itself. Second, physical activity was measured by a self‐report questionnaire, which can be biased by patient recall and social desirability.[36](#jah32289-bib-0036){ref-type="ref"} This could have led to misclassification, especially in the most physically active group, and to an underestimation of the benefits of physical activity. Third, the influence of residual confounding cannot be excluded.

Conclusions {#jah32289-sec-0023}
===========

In this large cohort of patients with vascular disease and vascular risk factors, a higher level of physical activity was associated with a lower risk of carotid stenosis, a smaller diastolic diameter, and less carotid stiffness, even in patients with vascular disease. These results suggest that physical activity is important for vascular health and therefore support recommendations to increase physical activity, also, and perhaps especially, in patients with vascular disease.
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